A study on isothermal kinetics of glassy Sb9.1Te20.1Se70.8 alloy  by Joraid, A.A. et al.
106 
                              Joraid et.al / JTUSCI 2: 106-117 (2009) 
 
--------------------------------------------------------------------------------------------- 
1 Corresponding author. Tel: +966 4822 6462; fax: +966 4823 3727 
E-mail address: aaljoraid@taibahu.edu.sa 
2 On leave from Physics Department, Assiut University, Assiut, Egypt 
 
 
ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Available online at www.jtusci.info
ISSN: 1658-3655 
Joraid et.al / JTUSCI 2: 106-117 (2009) 
A study on isothermal kinetics of glassy Sb Te Se9.1 20.1 70.8alloy
 
A.A. Joraid
 1 , A.A. Abu‐Sehly
 2 , S.N. Alamri  
Department of Physics, Faculty of Science, Taibah University, Al-Madinah Al-Munawarrah, KSA 
 
 
Received 29 June 2008; revised 6 August 2008; accepted 9 August 2008 
Abstract 
In this research, the activation energy of amorphous S b T e S e9 .1 2 0 .1 7 0 .8 crystallization was studied under 
isothermal conditions using a differential scanning calorimetric (DSC) technique. The activation energy 
for S b T e S e9 .1 20 .1 70 .8  crystallization was determined to be 11 2 4 4 k J  m o l −± . The Avrami exponent 
was observed to decrease from 2.22 to 1.88 as the annealing temperature was increased from 413 to 421 
K, and remained constant at higher temperatures. The local Avrami exponent was investigated and was 
observed to primarily indicate two-dimensional growth. The effects of annealing were revealed by 
studying the morphology of the samples with a scanning electron microscope (SEM). 
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1. Introduction 
Studies of chalcogenide glasses are of great 
interest due to their importance in preparing 
electronic memories and their optical application as 
IR-transmitting materials. Moreover, they are 
interesting as core materials for optical fibers for 
light transmission, especially when short lengths 
and flexibility are required [1-4]. Selenium has a 
wide range of commercial applications, including 
device applications like switching memory and 
electrophotography; however, in its pure state it has 
the disadvantages of a short lifetime and low 
sensitivity. This difficulty can be mitigated by 
alloying Se with other elements, such as Ge, Te, Bi, 
Sb, and As. Moreover, in order to maintain a higher 
stability and expands the glasss forming area of Se-
Te system a third element such as (Sb) can be 
added [5, 6]. 
Thermal analysis using differential scanning 
calorimetry (DSC) is a rapid and convenient tool 
for studying the kinetics of crystallization. The 
study of crystallization kinetics by DSC methods 
has been discussed in many articles [7–11]. These 
studies are always based on either isothermal or 
non-isothermal techniques. In isothermal 
measurements, the sample is quickly brought to a 
temperature above the glass transition temperature, 
gT , and the heat transferred during the 
crystallization process is recorded as a function of 
time. In contrast, in non-isothermal measurements, 
the sample is heated at a fixed rate and the heat 
transferred is recorded as a function of temperature. 
This study focuses on the crystallization 
kinetics and the effect of temperature on the 
activation energy of crystallization of 
9 .1 2 0 .1 7 0 .8S b T e S e  chalcogenide glass by means of 
the isothermal method. 
2. Experimental methods  
Bulk material was prepared by the well-
established melt-quenching technique. High-purity 
(99.999%) Sb, Te, and Se in appropriate at. % 
proportions were weighed and sealed in a quartz 
glass ampoule (12 mm diameter) under a vacuum 
of 410−  Torr. The contents were heated at around 
950 K for 24 h. During the melting process, the 
tube was shaken frequently to homogenize the 
resulting alloy. The melt was quenched in ice-water 
to obtain the material in a glassy state. 
The DSC experiments presented in this paper 
were performed using a Shimadzu DSC-60 
instrument with an accuracy of 0 1 K.± , under dry 
nitrogen supplied at a rate of 13 5  m l m in − . The 
samples were encapsulated in standard aluminum 
sample pans. In order to minimize temperature 
gradients, the samples were well-granulated to 
form a uniform fine powder and spread as thinly as 
possible across the bottom of the sample pan. The 
weight of the sample was maintained very low (2–3 
mg). The temperature and enthalpy calibrations 
were checked with indium 
( )1m m4 2 9 .7 5  K , = 2 8 .5 5  JgT H −= ∆  as a 
standard materials supplied by Shimadzu. For 
isothermal DSC curves, amorphous samples were 
first heated to a fixed temperature with heating 
rates of 30 1K  m in −  (between 413 and 428 K), 
and then held at that temperature for a certain 
period until a fully crystalline state was achieved. 
The surface microstructures of the as-prepared 
samples were analyzed using SEM (model 
Shimadzu Superscan SSX-550). 
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3. Results & Discussion 
A theoretical basis for the interpretation of DSC 
data is provided by the formal theory of 
transformation kinetics, as developed by Johnson 
and Mehl [12] and Avrami [13,14]. The theory 
describes the evolution of the volume fraction 
crystallized α  as a function of timet . The 
crystallization fraction α  can be expressed as a 
function of time according to the Johnson–Mehl–
Avrami (JMA) transformation equation [12-14]: 
 
( ) ( )n1 expt Kt⎡ ⎤α = − −⎣ ⎦                              ( 1 )  
 
Where K is defined as the effective overall 
reaction rate constant, which reflects both the rate 
of nucleation and the crystal growth rate. The 
variable n  is the Avrami exponent, which is a 
numerical factor dependent on the nucleation and 
growth processes. The  constant K usually  has an  
Arrhenian temperature dependence: 
 
( )  exp EK T A
RT
⎛ ⎞= −⎜ ⎟⎝ ⎠ ,                             ( 2 )    
 where ( )1sA −  is the pre-exponential (frequency) 
factor, ( )1kJ m olE −  is the effective activation 
energy, R is the universal gas constant, and T is the 
absolute temperature.  
The isothermal crystallization kinetics were studied 
at different temperatures between 413 and 428 K, 
and the corresponding DSC traces are represented 
in Fig. 1. 
The crystallized fraction was accurately 
determined by measuring the partial area of the 
peak. In Fig. 2, the classical sigmoidal curves for 
crystallized volume versus time are constructed 
from Fig. 1 at various annealing temperatures. 
The values of K and n can be easily obtained 
from Eq. (1). Taking the logarithm of each side 
twice leads to the following expression: 
 
( )ln ln 1 ln  lnn K n t⎡ ⎤− − α = +⎣ ⎦               ( 3 ) 
0 50 100 150 200 250 300 350
0.00
0.05
0.10
0.15
0.20
 T=413 K
 T=418
 T=421
 T=423
 T=428
 
 
T im e (s)
D
SC
 (W
 g
-1
)
 
Fig. 1.  Typical isothermal DSC trace of the amorphous 
Sb Te Se9.1 20.1 70.8  bulk samples measured at different 
annealing temperatures. 
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Fig. 2. The crystallized fraction α  as a function of time at 
different annealing temperatures. 
 
 
The values of n and K are determined from Eq. (3) 
by the least square fitting of ( )ln ln 1⎡ ⎤− − α⎣ ⎦  
versus lnt  (also known as the JMA plot). Values 
of lnK  were evaluated at different temperatures 
by repeating the same procedure. The activation 
energy and frequency factor were then evaluated by 
the least square fitting of lnK versus1 T . The 
values of the Avrami exponent n and the overall 
reaction rate constant K were obtained from Fig. 3 
at different annealing temperatures applied to the 
samples. 
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Fig. 3. Plot of ( )ln ln 1⎡ ⎤− − α⎣ ⎦  versus lnt  at different 
temperatures. 
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Fig. 4 depicts the values of the Avrami 
exponent n and the overall reaction rate constant K 
at different annealing temperatures. 
The JMA model implies that the Avrami 
exponent n and the activation energy E should be 
constant during the transformation process. Our 
previous non-isothermal work on this system 
( )Sb Te Se9.1 20.1 70.8  [15, 16] and on other 
chalcogenide systems [10, 11, 17-19] and our 
recently isothermal work [20] have shown that n 
and E are not necessarily constant, but can vary 
during the transformation. Liu et al. [21-23] have 
considered a generalization of the JMA model to 
account for this variation of the activation energy. 
In contrast to the original formalism of the JMA 
theory, where only nucleation site saturation or 
continuous nucleation was assumed, the Liu et al. 
model predicts that the growth exponent n and the 
activation energy E are generally not constant 
throughout the crystallization process.  
Fig. 5 shows the plot of lnK against 310 T , 
which also gives a linear relation. According to Eq. 
(2), the activation energy for crystallization is 
1124 4 kJ molE −= ± . More recently, we 
reported 11 2 9 3  k J  m o lE −= ±  and 
17 6 3 k J  m o lE −= ±  in the heating rate ranges 
of 12 2 5 K  m in −−  and 12 5 8 0  K  m i n −− , 
respectively, for results obtained using the non-
isothermal method [16]. 
The temperature variation of the activation 
energy for crystallization has always been a topic 
of considerable interest among kinetics. From Eqs. 
(1) and (2) the value of E at different temperatures 
can be obtained as follows: 
 
( ) 11 n
A tE RT ln
ln
⎧ ⎫⎪ ⎪= ⎨ ⎬⎪ ⎪⎡ ⎤− − α⎣ ⎦⎩ ⎭
                ( 4 )
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Fig. 4. Variation of the Avrami exponent n and the overall 
reaction rate constant K with temperature. 
 
111 
                              Joraid et.al / JTUSCI 2: 106-117 (2009) 
 
A study on isothermal kinetics of glassy  S b T e S e9 .1 2 0 .1 7 0 .8 alloy 
 
 
2.32 2.34 2.36 2.38 2.40 2.42
-4.8
-4.6
-4.4
-4.2
-4.0
-3.8
-3.6
-3.4
-3.2
-3.0
 
 ln
 K
10-3/T (K-1)
 
Fig. 5. Plot of lnK  versus 310 T  for the isothermal 
crystallization in Sb Te Se9.1 20.1 70.8  bulk samples. 
 
 
The calculated activation energies as shown in 
Fig. 6 are positive and initially increase with 
increasing the temperature and almost reach 
constant values for high temperatures. This 
observed increase in the activation energy may be 
assigned to a change in the crystallization 
mechanism. 
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Fig. 6. Variation of the activation energy for 
crystallization, E, with temperatures. 
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Therefore, to describe the crystallization 
process more precisely, and to distinguish which 
one of the several kinetic models (listed in Table 1) 
can be used for the process, it will be useful to 
analyze the integral form of the reaction model, 
( )g α , that is normally used to describe the 
kinetics of phase transformation in solids [19]. 
The reduced reaction model ( )g α  is given for 
isothermal kinetics as [24]: 
 
( )
0 5.
tg
t
α =                                                     ( 5 ) 
 
where 0 5.t  is the time required to obtain 0.5 
fraction reaction ( )0 5.α = . This expression is 
independent of the kinetic rate constants and is 
dimensionless. 
The numerically reconstructed experimental 
kinetic function, ( )g α , calculated by using Eq. 5, 
along with the theoretical plots for different 
classical models (Table 1) are presented in Fig. 7. 
Comparison of the experimental results with 
those for the theoretical models can provide 
information on how and when the reaction 
mechanism changes during the course of 
transformation. Without a doubt, it is very clear 
from Fig. 7 that the reactions follow an Avrami-
Erofeev mechanism. 
 
 Table 1. Common solid state reaction models used to describe the crystallization process. 
Model Notation ( )g α  Mechanism 
A1.5 ( ) 2 3ln 1 α⎡ ⎤− −⎣ ⎦  Avrami-Erofeev, 1 5n .=   
A2 ( ) 1 2ln 1 α⎡ ⎤− −⎣ ⎦  Avrami-Erofeev, 2n =  
A3 ( ) 1 3ln 1 α⎡ ⎤− −⎣ ⎦  Avrami-Erofeev, 3n =  
A4 ( ) 1 4ln 1 α⎡ ⎤− −⎣ ⎦  Avrami-Erofeev, 4n =  
D1 2α  One-dimensional diffusion 
D2 ( ) ( )1 ln 1α α α− − +  Two-dimensional diffusion 
D3 ( ) 21 31 1 α⎡ ⎤− −⎣ ⎦  Three-dimensional diffusion (Jander) 
F1 ( )ln 1 α− −  First-order reaction 
F2 ( ) 11 1α −− −  Second-order reaction 
P2 1 2α  Power law, 1 2n =  
P3 1 3α  Power law, 1 3n =  
P4 1 4α  Power law, 1 4n =  
R1 α  One-dimensional phase boundary reaction 
R2 ( )1 21 1 α− −  Two-dimensional phase boundary reaction 
R3 ( )1 31 1 α− −  Three-dimensional phase boundary reaction 
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Fig. 7. The variation of ( )g α  versus α  from 
reduced reaction model analysis (the solid line was 
calculated from the various theoretical models listed 
in Table 1). 
 
On the other hand, the analysis clearly indicates a 
change in mechanism with a change in the 
temperature. At a high temperature (T=155 K) the 
mechanism closely follows A2, with a divergence 
toward A3 at lower stage of 
crystallization ( )0 2.α < . This justification will 
agree with our previous study in non-isothermal 
condition [15]. 
The variation at all crystallization stages of the 
activation energy E and the Avrami exponent n can 
be revealed by introducing the local activation 
energy ( )E α  and the local Avrami 
exponent ( )n α . During an isothermal process, the 
transformation time ( )t α  is related to the 
annealing temperature by the Arrhenius 
relationship [25]: 
 
( ) ( )0 exp Et t R T
⎡ ⎤αα = −⎢ ⎥⎣ ⎦
                        ( 6 ) 
where 0t  is the time constant and ( )E α  is the 
local activation energy. The local activation energy 
is obtained from the slope of the line ( )( )ln t α  
versus 31 0 T . Fig. 8 depicts the plot of ( )E α  
versus α  for the amorphous alloy 
Sb Te Se9.1 20.1 70.8 . The dependence of ( )E α  on 
the volume of the crystallized fraction α  
immediately suggests that the data under 
investigation follow a multi-step kinetic reaction 
[19]. 
In order to investigate the details of the 
crystallization process, the local Avrami exponent 
( )n α  was calculated. The local Avrami exponent 
is given by [26-30]: 
 
( ) ( )( )
 ln ln 1
 ln
n
t
⎡ ⎤∂ − − α⎣ ⎦α = ∂                     ( 7 )
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Fig. 8. Local activation energy for crystallization 
( )E α  as a function of crystallized fraction α  obtained 
from DSC scans. 
 
This definition indicates that ( )n α  represents the 
instantaneous slope of the JMA plot at any 
givenα . The value of ( )n α  provides information 
on the nucleation and growth behavior for a 
crystallized volume fractionα . Fig. 9 depicts the 
value of the local Avrami exponent ( )n α  at 
different temperatures as a function of the 
crystallized fractionα . 
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Fig. 9. Local Avrami exponent ( )n α  versus 
crystallized fraction α  at different temperatures.  
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The results indicate that the average value of the 
local Avrami exponent ( )n α  at 413-423 K can be 
assumed to be almost constant with a value of 
approximately 2 for 0 1 0 5. .< α < , then the local 
Avrami exponent decreases slightly along with the 
development of crystallization until it reaches a 
value of 1.1 at 0 9.α = . The higher annealing 
temperatures exhibited higher values of the local 
Avrami exponent. At 428 KT = , the local 
Avrami exponent ( )n α  is about 3 for 
0 1 0 4. .< α < , then it decreases strongly along 
with the development of crystallization, and gives a 
value of 1.4 at 0 9.α = . 
This indicates that most of the crystallization of 
the amorphous S b T e S e9 .1 2 0 .1 7 0 .8  samples is 
governed by two-dimensional growth at low 
crystallization temperatures, while the process 
tends to consist of one-dimensional growth at the 
end of the crystallization process, 0 7.α > ; 
however, at high annealing temperatures 
4 2 8 KT = , the three-dimensional growth is the 
dominant growth mechanism for 0 6.α < . The 
values of α  were limited to 0 1 0 9. .< α <  
because the calculation of the Avrami exponent 
based on the JMA equation results in large 
uncertainties in the beginning and end stages of 
crystallization.  
In order to confirm this conclusion, the 
transformation from the amorphous to the 
crystalline state was investigated by studying the 
morphology of the samples. The change in the 
morphology under isothermal annealing was 
recorded by SEM. Fig. 10 shows the effect of heat 
treatments on the morphology of the 
S b T e S e9 .1 20 .1 70 .8  glass specimen after annealing 
under a nitrogen flow for 30 min at 413 K. As 
evidenced from this figure, the crystalline 
morphology is homogenous and covers the 
specimen surface completely. In addition, the 
fractured regions show a laminar crystalline (two-
dimensional) morphology. 
 
 
 
Fig. 10. Electron microscopy images of crystalline 
Sb Te Se9.1 20.1 70.8  annealed for 30 min at temperature 
413 K, 3000× . 
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When an isothermal experiment was performed 
using DSC, the rates of crystallization d dtα  at 
various times were directly measured. 
Differentiating Eq. (1) with respect to t, while 
holding the temperature constant, produces [15] the 
following: 
 
( ) ( ) ( )n 1 nd 1 ln 1
d
nK
t
−α ⎡ ⎤= −α − −α⎣ ⎦        ( 8 ) 
 
The above equation is sometimes referred to as 
the JMA transformation rate equation. It is possible 
to compute the rate of crystallization, d d tα , at 
different annealing temperatures with Eq. (8). For 
each annealing temperature, the value of the 
effective overall reaction rate constant K was 
calculated, and the value of the local Avrami 
exponent ( )n α  was obtained from Eq. (7). A 
comparison of the experimental data and 
computational curves calculated using the JMA is 
shown in Fig. 11 for different annealing 
temperatures. The experimental curves agree well 
with the JMA model throughout the entire 
temperature range. Finally, as a further check on 
the adequacy of the JMA model in describing 
isothermal experiments, the crystallization fraction 
sigmoidal shapes were computed from Eq. (1), 
using the values of K and n determined from 
isothermal measurements. Fig. 2 shows typical 
experimental and computational results obtained at 
different annealing temperatures; generally, a very 
good fit was obtained. 
 
 
 
0 50 100 150 200 250 300
0.00
0.01
0.02
0.03
0.04
0.05
 Experimental
 Calculated
T=428
T=423
T=421
T=418
T=413 K
Time (s)
dα
/d
t
 
Fig. 11. Dependence of the crystallization rate 
d dtα on the volume of the crystallized fraction α  
obtained at different temperatures. 
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4. Conclusion 
The crystallization kinetics of 
S b T e S e9 .1 2 0 .1 7 0 .8  bulk glass was investigated 
using an isothermal DSC analysis. The activation 
energy was determined by the Arrhenius 
relationship to be 11 2 4 4  k J  m o l −± . The Avrami 
exponent n decreases slightly in the temperature 
range 413-421 K, and were observed to lie between 
2.22 and 1.88; however, this exponent remains 
constant for annealing temperatures above 421 K. 
The local Avrami exponent can be assumed to be 
almost constant and equal to about 2 for samples 
annealed in the temperature range 413-423 K 
for 0 7.α < . For T = 428 K, the local Avrami 
exponent gives a value of approximately 3.2, and 
strongly decreases to about 1.4 after 0 4.α = . On 
the other hand, it can be concluded that the 
crystallization of the amorphous S b T e S e9 .1 2 0 .1 7 0 .8  
bulk is primarily governed by two-dimensional 
growth, with a tendency toward one-dimensional 
growth at the end of the crystallization process. 
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